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[1] Reactive gaseous mercury (RGHg), atmospheric elemental mercury (Hg0), and ozone
(O3) along with other ancillary parameters have been measured simultaneously in the
marine boundary layer (MBL) over the North Pacific Ocean during the 2002-IOC cruise
between Osaka, Japan, and Honolulu, Hawaii. Atmospheric Hg0 concentrations varied
from 1.6 to 4.7 ng m�3 with an average of 2.5 ng m�3 and did show significant variations
along the cruise track with a slight diel cycle in Hg0 concentrations. RGHg concentrations
varied from 0.15 to 92.4 pg m�3 with an average of 9.5 pg m�3. The data strongly
suggest photochemical in situ formation of RGHg with increasing concentrations in the
tropical regions concomitant to a dramatic decrease in O3 (from over 50 to less than
5 ppbv). A distinct diurnal variation in RGHg concentrations with maxima at midday
suggests a photochemically driven oxidation of marine boundary layer Hg0. In the tropical
area, enhanced RGHg formation and daily variation in O3 could both be related to
reactive halogen chemistry. Flux calculations also emphasize the role of the tropical
marine boundary layer in mercury cycling over the North Pacific Ocean. INDEX TERMS:

0312 Atmospheric Composition and Structure: Air/sea constituent fluxes (3339, 4504); 0330 Atmospheric

Composition and Structure: Geochemical cycles; 1065 Geochemistry: Trace elements (3670); 4227
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1. Introduction

[2] Atmospheric deposition is the dominant source of
mercury (Hg) to most remote water bodies [Nriagu and
Pacyna, 1988; Mason et al., 1994] and its understanding is
fundamental, because of the ability of mercury to bioaccu-
mulate through all levels of the food chain. Global Hg
models have identified wet and dry particle deposition and
evasion of dissolved gaseous Hg (DGHg) from the ocean
as key controls over global Hg cycling [Mason et al.,
1994; Hudson et al., 1995; Lamborg et al., 1999; Shia et
al., 1999]. Dissolved gaseous mercury (DGHg) exists both
as elemental Hg (Hg0) and dimethylmercury (DMHg) [Kim
and Fitzgerald, 1988; Mason et al., 1995; Cossa et al.,
1997; Lamborg et al., 1999] with Hg0 being the dominant
form of DGHg in the upper ocean. Studies that have
focused on air-sea exchange for both Atlantic [Mason et
al., 1995; Mason and Sullivan, 1999; Lamborg et al.,
1999] and Pacific Oceans [Kim and Fitzgerald, 1988;
Mason and Fitzgerald, 1993] have suggested that the

estimated evasion rates for Hg from the ocean substantially
exceed the current deposition estimates from both atmo-
spheric and riverine inputs. One potential reason for this
lack of balance is that current measurements of DGHg
come from a limited number of studies and thus do not
accurately represent the seasonal average concentration or
the potential variability in concentration. Another reason
could be that not all the potential sources of Hg to the
ocean have been properly quantified. While Hg evasion
from both the ocean and the terrestrial environment is
considered mainly in the form of Hg0, deposition is
characterized by three different types of atmospheric spe-
cies: gaseous Hg0, gaseous ionic divalent Hg or reactive
gaseous mercury (RGHg), and particulate Hg (Hg-P)
[Lindberg and Stratton, 1998; Schroeder and Munthe,
1998; Sheu and Mason, 2001]. Hg0 and RGHg are both
known to be emitted from industrial sources [Porcella et
al., 1997] and to contribute to atmospheric deposition
[Lindberg and Stratton, 1998; Bullock, 2000; Sheu et al.,
2002]. Although RGHg species represent only a few
percent of the total gaseous mercury, their high solubility,
1.4� 106 M atm�1 at 25�C, compared to Hg0, 0.11 M atm�1

at 25�C [Lin and Pehkonen, 1999a], and their high dry
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deposition velocities which is of 5–10 times greater than Hg-
P [Shia et al., 1999; Bullock, 2000] make their removal more
efficient than the other atmospheric species.
[3] Recent global Hg models have incorporated the dry

deposition of RGHg derived from point source emissions,
showing that RGHg deposition can have an impact on a
local/regional scale [Shia et al., 1999; Bullock et al., 1997;
Bullock, 2000; Pai et al., 1997; Xu et al., 2000]. However,
these models, have not always taken into account the
production and the deposition of RGHg formed in remote
places by all the potential gas phase and/or heterogeneous
reactions [Pleijel and Munthe, 1995; Lin and Pehkonen,
1998] such as oxidation of Hg0 by halogens radicals [Lin
and Pehkonen, 1999b; Ariya et al., 2002]. The imbalance
between evasion and deposition estimates for the ocean
suggests a removal of Hg0 more likely by oxidation/depo-
sition, as shown by recent studies which support the pro-
duction of RGHg in the marine boundary layer [Guentzel et
al., 2001; Hedgecock and Pirrone, 2001; Mason et al.,
2001].
[4] Schroeder et al. [1998] showed a depletion of total

gaseous mercury in the atmosphere during Arctic polar
sunrise (Alert, Canada) with concomitant ozone depletion,
suggesting Hg0 oxidation and thus RGHg formation. Lab-
oratory kinetic experiments and mechanistic data suggest
that the chain reaction leading to ozone depletion in the
Arctic is initiated by halogen radicals (more likely atomic
bromine) through the photolysis of gas phase halogen
compounds [Barrie et al., 1988; Finlayson-Pitts et al.,
1990; Mozurkewich, 1995; Platt and Moortgat, 1999;
Foster et al., 2001; Bottenheim et al., 2002; Spicer et al.,
2002]. The source of those radicals is believed to be
oxidation of halogens in sea-salt aerosol, snow, and frozen
ocean surface [McConnell et al., 1992; Barrie and Platt,
1997; Foster et al., 2001]. In Arctic environment, Hg0

oxidation and production of RGHg seems to be attributed
to the same photochemical mechanisms [Lu et al., 2001;
Ebinghaus et al., 2002; Lindberg et al., 2002]. In the marine
boundary layer, chlorine and bromine can also be released
into gas-phase by heterogeneous reactions on sea-salt aero-
sols [Fickert et al., 1999; Vogt et al., 1996; Hirokawa et al.,
1998; Ayers et al., 1999; Knipping et al., 2000]. Adsorption
of HOBr on wet sea salt (at humidity above the deliques-
cence point) leads to release of Br2 and BrCl and which
photolysis to produce Br atoms that provide additional
photochemical ozone sink [Dickerson et al., 1999; Sander
et al., 1999]. The presence of reactive halogen species in the
marine boundary layer is supposed to play a role in Hg0

oxidation and production of RGHg. This hypothesis is
supported by modeling experiments and recent results
obtained for the Mediterranean region [Hedgecock and
Pirrone, 2001; Hedgecock et al., 2003; Sprovieri et al.,
2003].
[5] In our study, all the measurements were obtained

during the 2002 Intergovernmental Oceanographic Com-
mission (IOC) cruise transect over the North Pacific Ocean.
The aim of the 2002 IOC cruise was to identify the role of
Southeast Asia dust atmospheric transport processes in
delivering reactive trace elements and other materials to
the surface ocean. Beside the influence of Southeast Asia
dust deposition on mercury cycling in the North Pacific
Ocean water, we focus in this study on in situ Hg0 oxidation

and on the environmental parameters, which could influence
RGHg formation.

2. Material and Method

2.1. Cruise Background

[6] The research proposedwith the 2002 IOC cruise has, as
its primary objective, examining the relationships between
inputs, cycling and transport of a variety of biologically and
geochemically significant trace elements (including Al, Fe,
As, Sb, and Se) on a transect across the central and western
North Pacific. The cruise track provided (Figure 1) the
opportunity to collect air and seawater samples spanning a
large range of dust deposition fluxes into a variety of
hydrologically distinct biogeochemical zones. The cruise,
on the RV Melville (Scripps Institute of Oceanography),
started from Osaka, Japan (34�650N, 135�420W), on May
1st 2002 and ended in Honolulu, Hawaii (24�150N,
153�840E), on June 4th 2002.
[7] All the data reported here were collected aboard from

47�830N, 162�500W to 22�750N, 158�000E (Figure 1) during
a three weeks sampling period (May 14th, May 30th) as the
atmospheric mercury measurements obtained for the first
week of the cruise were discarded due to instrumentation
problems.

2.2. Sampling and Analytical Techniques

[8] Meteorological parameters, air temperature, relative
humidity, barometric pressure, wind speed, and wind direc-
tion were measured by the RV Melville’s continuous under-
way data monitoring system with integration steps every
30 s. Atmospheric Hg0 and RGHg measurements were
performed using the Tekran mercury speciation unit, Tekran
1130 speciation unit coupled to Tekran 2537A analyzer
(Tekran Inc., Toronto, Canada) described by Landis et al.
[2002]. The precision of the instrument based on field
comparisons of paired 1130 speciation unit exhibits a
precision of 15% [Landis et al., 2002]. The speciation unit
was set up on the front of the ship at �15m above sea level.
Hg0 was determined using a vapor-phase mercury analyzer
(Model 2537A) which consists in two gold traps where
mercury is consecutively adsorbed and then desorbed into a
cold-vapor atomic fluorescence spectrometer [Bloom and
Fitzgerald, 1988]. The Tekran model 1130 speciation unit
was used for the RGHg measurements. The 1130 unit
(sampling module) included a heated KCl-coated quartz
annular denuder, a heated sampling line, a pump module,
and a controller module. By integrating the analytical
capabilities of the 2537A analyzer with the 1130 speciation
unit, the controller module allows full control over sampling
parameters (sample flow rate, sample duration, desorption
temperature, etc.) for continuous measurement of both Hg0

and RGHg at pg.m�3 concentrations. The speciation system
was typically set up for a sampling time resolution of 5-min
for Hg0 and 2-h for RGHg. By pumping ambient air through
the denuder, RGHg is adsorbed onto the KCl coated
denuder while Hg0 is quantified in the analyzer. After a
2-h sampling period, the denuder is heated to 5000c and
RGHg is thermally decomposed into mercury-free air and
analyzed as Hg0. The particulate mercury was collected on a
downstream quartz fiber filter and was not analyzed. Ozone
was measured using Thermo Environmental Instruments,
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Model 49C which was calibrated by an ozone standard
generator (Model 49CPS). Carbon monoxide concentrations
were obtained by IR absorption (Thermo Environ. Instru-
ment 48C). The underway surface-water samples were
collected using a ‘‘fish’’ sampler, which is a device pulled
in the surface water beside the ship while it is moving
forward with the inlet being away enough (>5m) to avoid
the ship’s contamination. Water was pumped on board the
ship into a laminar flow hood using a peristaltic pump
through acid-cleaned tubing. The sample were collected in 2
l Teflon bottles and were processed on board immediately
after collection, or at least within 3 hours after collection, in
an onboard clean container; this sampling technique pre-
vented the sample from contacting the ship environment.
Sample collection and treatment were performed using
ultraclean techniques. Polyethylene gloves were used for
handling operations. All Teflon and plastic-ware had been
acid washed (3 days in 50% HNO3, then 3 days in 10%
HNO3 at 50�C) and rinsed several times with Milli-Q

1

water prior to use. Cleaned Teflon bottles were filled with
Milli-Q water, acidified with HCl (1% v/v) and stored in
double polyethylene bags until use. The samples (unfiltered)
were analyzed for dissolved gaseous mercury (DGHg).
DGHg concentrations were measured using a Teflon bub-
bler head attachment that fitted directly onto the 2-L Teflon
bottles. Sampled were bubbled for 40-min at 500 ml min�1

with Hg-free argon in a laminar flow hood and the released
DGHg was trapped on gold columns. Quantification, by
cold-vapor atomic fluorescence spectrometry (CVAFS), was
achieved by heating the gold trap in a stream of argon. The
released Hg0 vapor was analyzed by the atomic fluores-

cence detector [Bloom and Fitzgerald, 1988]. The sampling
protocols and surface-water sampling device have been
described by Cutter and Measures [1999] and a previous
comparison study on DGHg measurements showed the
integrity of the results [Mason et al., 2001].

3. Results and Discussion

3.1. Ancillary Data

[9] In order to enhance the comparability of the data, the
barometric pressure, air temperature, and relative humidity
data presented in the Figure 2 correspond to a 2-hour
integration, comparable to each RGHg measurement, of
the 30-s step MET data. The data collected between May
14th and May 31st corresponded to two different geograph-
ical and hydrographical zones (Figures 1 and 2). The first
zone, concerning the sampling period between May 14th
and May 21st, can be mainly characterized by relatively
cold to mild air temperatures due to the influence of the
Subarctic gyre’s water mass and by low UV irradiation
(maxima average of �45 W/m2) as a result of stormy
weather conditions. The second zone, from May 22nd to
May 31st, corresponded to the tropical waters (North Pacific
subtropical gyres and Kuroshio current), characterized by
warm temperatures and high UV irradiation (maxima aver-
age of �65 W/m2). The air temperature and the surface
water temperature (data not shown) followed a very com-
parable trend. For both, the values increased from less than
5 degrees Celsius at the beginning of the sampling period
and reached a threshold value of 25 degrees Celsius on May
22nd which corresponded to the tropical water. The varia-

Figure 1. IOC 2002 Cruise Track Cook Expedition, Leg 23, [COOK23MV]. Chief scientist: Chris
Measure; begin date/port: 01-May-02 Osaka, Japan (34�650N, 135�420W); end date/port: 04-jun-02
Honolulu, HI (24�150N, 153�840E). The numbers from 1 to 9 and the relative dates correspond to the
depth-profile sampling station with the ‘‘test’’ as a test station. The dashed lines represent the estimated
Southeast Asian dust deposition.
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tions observed for the relative humidity were due to
different meteorological conditions. The low-pressure sys-
tem observed within the first days of the cruise period was
associated with cloudy conditions leading to a decrease of
UV radiation and high relative humidity. The following
high-pressure system was characterized by clear sky, higher
UV radiation and lower relative humidity. At low latitudes,
the meteorological conditions were typical of a tropical
climate with mainly clear sky associated with low scattered
cumulus, high UV, high temperatures and high relative
humidity. However, although the tropical area displayed
quite homogeneous meteorological conditions, significant
differences in wind speed and in wet deposition as the cruise
reached the Hawaiian Islands area (5 last days of the cruise,
Figure 1), seemed to strongly influence the atmospheric
mercury concentrations as discussed further (see sections 3.5
and 3.6). Consequently, we discussed the data in terms of
three distinct temporal and spatial periods basedmainly on the
three distinct atmospheric mercury patterns (see section 3.3).
No event of strong rain was reported during the cruise,
although tropical rain showers were encountered during the
latter part of the cruise.

3.2. Potential External Contaminations

[10] In order to determine whether there was local con-
tamination coming from the exhaust stack gases of the boat
and to assess the degree of impact of anthropogenic activities
via long-range transport, the carbon monoxide (Figure 3)
and the relative wind direction (Figure 4) respectively have
been measured during the considered sampling period. The
carbon monoxide (CO) trend showed high values for the
beginning of the sampling periods followed by a decrease
during the next 10 days with traveling south, most likely due
to the crossing of ‘‘cleaner’’ air masses. As the cruise

reached the Hawaii islands, this tendency was interrupted
by higher concentration events on May 28th, 29th and June
3rd. This can be due to the influence of anthropogenic
activities near the Hawaiian Islands. However, in more
polluted air masses, such as near the coast of Japan, CO
concentrations can be 3 times higher (up to 400 ppbv,
unpublished data) than the average concentrations obtained
during our sampling period (112 ± 18 ppbv). Consequently,
the results for CO do not show strong influence of anthro-
pogenic activities via long-range transport that could directly
affect our Hg measurements. In addition, other gases indi-
cating the influence of urban emissions (such as ethane,
propane, and benzene) were measured during the cruise and
showed the same trend as CO, with a decrease during the
first ten days and low concentrations for the rest of the
sampling periods (unpublished data). As for the boat’s
exhaust stack gases, the wind direction angle, which could
lead to contamination, is displayed with 180� ± 60 (Figure 4)
corresponding to potential of wind blowing from the back of
the ship. During the days of May 17th the wind direction
pattern shows a potential contamination event as well as two
other minor events on May 23rd and 28th. None of these
events of wind blowing from the back of the ship affects the
RGHg measurements as seen on Figures 4 and 5. However,
an important increase in Hg� concentrations is observed on
May 17th, which could be due to external contaminations,
from the boat’s exhaust stack gases or other anthropogenic
sources (Figure 5).

3.3. Reactive Gaseous, Elemental Mercury and
Ozone Chemistry in the MBL

[11] Recent studies have clearly shown that RGHg pro-
duction, as a result of Hg0 oxidation, occurs in remote
environments, whether in the Arctic or in the marine

Figure 2. Ancillary atmospheric data (MET data) with RH (relative humidity, %), Air Temp (air
temperature, degrees Celsius), UV and BPR (barometric pressure, mbars). The data correspond to a
2-hour step integration of the MET data. The time corresponded to Greenwich Mean Time (GMT).
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boundary layer [Schroeder et al., 1998; Hedgecock and
Pirrone, 2001; Hedgecock et al., 2003; Mason and Sheu,
2001; Mason et al., 2001; Lindberg et al., 2002; Lu et al.,
2001]. Recently, modeling and experimental studies also
confirmed daily variation in RGHg concentrations and the

role of photochemical processes in its production [Hedgecock
et al., 2003; Ariya et al., 2002]. Our RGHg data over the
North Pacific Ocean show a strong variability in the RGHg
concentrations along the cruise track (Figure 5). The RGHg
data can be grouped in three distinct temporal periods: the two

Figure 4. Relative wind direction measured in degree from the front of the ship with 0 and 360 degrees
corresponding to the wind blowing from the front of the ship, and 180 degrees to the wind blowing from
the back of the ship. The solid-line square corresponds to the zone 180 ± 60 degrees where the exhaust
stack gases of the boat could lead to local contamination.

Figure 3. Carbon monoxide (CO) concentration in parts per billion during the sampling period. The
measurements were based on a 1-hour step.
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first periods are defined similarly as for the ancillary data, one
between May 14th and May 21st and the other from May
22nd to May 28th; the third period corresponds to the last
week of the cruise. During the first week, at high and middle
latitudes, when cold and cloudy weather conditions pre-
vailed, RGHg concentrations displayed very low concentra-
tions and ranged from 0.2 to 10.7 pg m�3, with a mean value
of 3.9 pg m�3 and with 3.1 pg m�3 for standard deviation (±).
In addition, the very small diurnal cycle is characterized by
low midday peaks. For the second week, at low latitudes,
when the measurement took place within the tropical waters
area, the RGHg concentrations increased (range from 2.8 to
92.4 pg m�3, mean value 13.8±13.1 pg.m�3) and showed
more significant diurnal cycle corresponding to the UV
pattern, with nocturnal minima and midday RGHg peaks
reaching their maximal values for the cruise. Around the
Hawaiian Islands, the measurements were also performed
under the same tropical conditions; however, RGHg data
collected during this third week presented lower concentra-
tions (range from 2.6 to 21.1 pg.m�3, mean value 7.8 ±
3.9 pg.m�3) than the previous week. In addition, although the
diurnal cycles were significant, the daily variation amplitudes
were also smaller than for the previous week. This specific
feature was likely due to enhance dry deposition as a result of
higher wind speed (see section 3.5).
[12] The atmospheric Hg0 data reported on Figure 5

corresponded to the 2-hour average of Hg0 concentrations
before each RGHg measurements. Hg0 concentrations
varied from 1.6 to 4.7 ng m�3 with an average of 2.5 ±
0.5 ng m�3. During the first week, the concentrations did
not show any significant trend. In addition, the high values
have been measured on May 17th, which might be due to
external contamination (as discussed above). For the rest of

the cruise, Hg0 concentrations displayed a similar trend as
for RGHg, with an increase within the tropical water. In
addition, Hg0 concentrations also followed a slight diel
cycle over the tropical water with higher value measured
during the day. In Arctic and Antarctic environments, Hg0

oxidation and subsequent RGHg formation induced by the
polar sunrise, leads to depletion of Hg0 [Schroeder et al.,
1998; Ebinghaus et al., 2002]. On the contrary, such
depletion was not observed during our study. Thus, in
the MBL and especially in tropical and equatorial MBL,
there is a continuous evasional flux of dissolved gaseous
mercury (DGHg) from surface water, with the maximal
evasion associated with maximal midday UV peak [Mason
and Fitzgerald, 1993; Ferrara et al., 2000; Mason et al.,
2001]. In addition, our evasional flux calculations (see
paragraph 3.6) show that the evaded DGHg can act as a
replenishment source of mercury by replacing the depleted
Hg0 and can also account for the daily variation and high
values found for Hg0 concentrations. Consequently, Hg0

present in the marine boundary layer is, although indirectly,
related to photochemical processes since it originates partly
from photoreduction in surface water and subsequent
evasion.
[13] Overall, our data clearly reinforce the fact that even

in the remote MBL, RGHg is present at significant concen-
trations and that the daily variations in RGHg and Hg0

concentrations suggest the occurrence of photochemical
processes in RGHg formation. These observations are in
accordance with those previously reported for the Mediter-
ranean Sea [Sprovieri et al., 2003]. In addition, it appears
that RGHg production occurs with a higher efficiency
within the tropical marine boundary layer of the North
Pacific Ocean compared to higher latitudes. Similar to our

Figure 5. Reactive gaseous mercury (RGHg) and elemental mercury (Hg0) 2-hourly mean
concentrations and ultraviolet radiation (UV) data corresponding to a 2-hour integration, comparable
to each RGHg measurement.
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measurements collected during the first week, low concen-
trations of RGHg, without high variation, have been
reported for the southern Atlantic Ocean at high latitudes
[Temme et al., 2003]. As suggested by Guentzel et al.
[2001], advection of RGHg from the free troposphere could
also account for some of the higher values measured;
however, we considered this unlikely as seen by the strong
correlation of RGHg with UV and the other photochemi-
cally related parameters. Thus, recent studies pointed out the
concomitant depletion of ozone (O3) and Hg0 in polar
environments suggesting interactions of Hg0 with halogens
radicals [Lu et al., 2001; Ebinghaus et al., 2002; Lindberg et
al., 2002]. Ozone depletion in the Arctic is believed to be
initiated by reactive halogens, most likely bromine oxide
(BrO), through the photolysis of gas phase halogen com-
pounds [Barrie et al., 1988; Foster et al., 2001; Bottenheim
et al., 2002; Spicer et al., 2002] produced by activation of
bromide or chloride from sea-salt aerosol and brine
[Finlayson-Pitts et al., 1990; McConnell et al., 1992;
Mozurkewich, 1995; Platt and Moortgat, 1999]. In remote
MBL [Lal et al., 1998; Dickerson et al., 1999; Galbally et
al., 2000; Grant et al., 2000; Shon and Kim, 2002], as well
as in polluted midlatitude MBL [Sander and Crutzen, 1996;
Hebestreit et al., 1999], variations in O3 concentrations
have also been attributed to reaction with halogen radicals,
suggesting an autocatalytic and heterogeneous production
of bromine and chlorine [Vogt et al., 1996; Hirokawa et al.,
1998; Ayers et al., 1999; Shon and Kim, 2002; von Glasow
et al., 2002]. Although direct in situ quantification of
bromine activated species are difficult, it is possible to
detect their effect by indirect observation based on O3

variations [Ayers et al., 1999; Nagao et al., 1999; Galbally
et al., 2000; Gabriel et al., 2002]. Low O3 concentrations,

frequently well below 10 ppbv, have been reported by Kley
et al. [1996] and Singh et al. [1996] during aircraft
measurements in the marine boundary layer of the tropical
Pacific Ocean. In Figure 6, concomitant to the increase in
RGHg concentrations, a dramatic decrease in O3 concen-
trations (from over 50 to less than 5 ppbv) occurred when
the cruise reached the low latitudes suggesting the effect of
reactive halogen chemistry on both O3 depletion and on
RGHg formation. To clearly illustrate the role of photo-
chemistry and relationship between O3/UV and O3/RGHg
in the MBL, we plotted (Figure 7) the bihourly mean values
of O3, UV, RGHg and Hg0 for two representative days
(May 26th and 27th). As shown on Figure 7, the bihourly
mean values for ozone decreased significantly (relative
decrease of 24%) with a concurrent increase in RGHg
and UV. This daily variation in O3 observed in the tropical
area are similar to those pointed out by Nagao et al. [1999]
which showed a significant O3 loss in the subtropical MBL
of the North Pacific Ocean that occurs just after sunrise
and/or during the day, with, once again, halogen chemistry
described as a possible mechanism [von Glasow et al.,
2002]. The decrease in O3 with a concomitant increase in
UV and RGHg reinforce the hypothesis that even in a
remote MBL, RGHg can be produced photochemically with
a possible role of ozone and reactive halogens chemistry.
Hg0 appears to be replenished during the most likely as a
result photoreduction in surface water and subsequent
DGHg evasion (see section 3.6).

3.4. Effect of Environmental and Meteorological
Conditions on RGHg Formation

[14] The previously cited studies also showed that the
effects of meteorological parameters have a strong impact

Figure 6. Reactive gaseous mercury (RGHg) 2-hourly mean concentrations and ozone (O3) 1-hourly
mean concentrations (in parts per billion).
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on RGHg concentrations whether in Arctic environment
[Lindberg et al., 2002] or in the marine boundary layer
[Sprovieri et al., 2003]. Highest RGHg concentrations
consistently occurred during periods of reduced wind speed
and maximum UV. Thus, the wind speed controls the
deposition velocity rates and the removal of RGHg (dis-
cussed further in section 3.5) and the photochemistry
controls the presence of photochemically induced oxidants:
high UV will induce high reactive-oxidant concentrations
[Vogt et al., 1996; Dickerson et al., 1999; von Glasow et al.,
2002]. Given the high Henry’s law constant of RGHg
species and consequently its high solubility, the relative
humidity and therefore the liquid water content (LWC) of
particles in the MBL can lead to a removal of RGHg by wet
deposition and a decrease of RGHg in the gas phase [Mason
et al., 2001; Hedgecock et al., 2003]. However, high LWC
will also influence the sea-salt aerosol concentrations and
furthermore the heterogeneous production of the reactive
halogens believed to be responsible for Hg0 oxidation/
RGHg formation (as discussed previously). Thus, von
Glasow and Sander [2001] showed that pH of sea-salt
particles decreases with an increase of relative humidity,
leading to the activation and the release of halogens from
the sea-salt particles, according to the acid-catalyzed mech-
anisms discussed by Mozurkewich [1995], Sander and
Crutzen [1996], and Vogt et al. [1996].
[15] Based on a simple predictive model using local

meteorological data, Lindberg et al. [2002] showed that in
the Arctic, boundary layer entrainment rates and deposition
velocities (both modeled as a function of wind speed, UV-B,
and air temperature) explained up to �80% of the measured

variance in RGHg. Since the importance of meteorological
factors have been pointed out by the previously cited
studies, the different weather conditions during the 2002
IOC cruise could be partly responsible for the differences
observed for RGHg concentrations. The low RGHg con-
centrations (mean value 3.9 pg m�3 ± 3.1 pg m�3, Figure 5)
measured during the first week were associated either with
high relative humidity (daily average 85.5%) but low UV
(daily maxima average 41.7 W m�2) due to stormy con-
ditions; or high UV (daily maxima average 62.1 W m�2)
but low relative humidity (daily average 66.4%). In addition
to these unfavorable conditions in relative humidity and/or
UV, the temperature remained cold during this sampling
period. As discussed above, in both situations the photo-
chemistry and the production of photochemically induced
oxidants could be reduced. During the second and third week,
tropical weather conditions prevailed with high temperature
(average of 24.6 d�C), high UV (daily maxima average
62.8 W m�2), and high relative humidity (daily average
80.6%). Assuming that in remote MBL, RGHg production
is essentially related to photochemistry [Hedgecock and
Pirrone, 2001; Lu et al., 2001; Hedgecock et al., 2003;
Mason and Sheu, 2001; Mason et al., 2001; Lindberg et
al., 2002; this study], its formation efficiency could be
weather reduced or enhanced if associated with unfavorable
or favorable photochemistry conditions, respectively.

3.5. RGHg Dry Deposition Velocity, Wet Deposition,
and Flux

[16] The effect of wind of RGHg dry deposition can be
illustrated by a mass transfer coefficient model. Based on

Figure 7. Daily mean value variation for in ozone (O3), UV, RGHg, and Hg0 concentrations during a
48-hour time period (May 26th and 27th). The time corresponds to the local standard time expressed in
hours (h).
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the dry deposition model proposed by Shahin et al. [2002],
we estimated RGHg dry deposition velocity using

kA ¼ D0:5
A 0:98� 0:1ð Þu10 þ 1:26� 0:3ð Þ½ �; ð1Þ

where kA is the air-side mass transfer coefficient (cm s�1),
DA is the air-side diffusion coefficient (cm2 s�1), u10 is the
wind speed 10 m above the water surface (m s�1), and the ±
is the 95% confidence interval. We considered for the
calculations that RGHg was mainly HgCl2. According to
Schwarzenbach et al. [1993], the air-side diffusion coeffi-
cient can be estimated using the liquid molar volume Vm,

DA ¼ 2:35= Vmð Þ0:73 ð2Þ

or alternatively based on the molecular mass m,

DA ¼ 1:55= mð Þ0:65: ð3Þ

An average of the two diffusion coefficients estimated for
HgCl2 using equations (2) and (3) has been used in the
calculation of the dry deposition velocity (1). The dry
deposition flux of RGHg can then be easily estimated as

F ng m�2 d�1
� �

¼ kA RGHg½ �: ð4Þ

Both RGHg dry deposition velocity and flux are displayed in
Figure 8. On average, higher deposition velocities but lower
fluxes occurred during the first and beginning of the third
weeks compared to the second week (Table 1). High wind
speed events (Figure 8) lead to higher deposition velocity
and fluxes with a consequent faster removal of RGHg from
the MBL. However, in a region of low RGHg production
(high latitudes) there will be a low RGHg dry flux. On the

contrary, the tropical area shows very high flux of RGHg dry
deposition (up to 141 ng m�2 d�1 or 50 mg m�2 y�1)
compared to higher latitudes (average 6.2 ± 5.8 ng m�2 d�1

or 2.2 ± 2.1 mg m�2 y�1). In the Hawaiian Islands region,
high wind speed induced a faster removal of RGHg by
increasing the dry deposition velocity (Figure 8).
[17] The absence of precipitation did not enable us to

report wet deposition flux for the first week of the sampling
period. However, five events of rain between stations 8 and 9
(Figure 1) were collected and analyzed. The Hg concentra-
tions in rain varied from6.1 to 29.3 ng l�1 andwith an average
of 14.3 ± 9.4 ng l�1. The lowest concentrations were typically
measured around station 8 (mean value 6.9 ± 1.6 ng l�1) and
the highest for the Hawaiian Islands area, within proximity
to Station 9 (21.6 ± 7.4 ng l�1). The estimation for Hg wet
deposition fluxes (Table 1) were based on Hg concentrations
in rain and the monthly total accumulated rainfall for May
2002 over the corresponding surface area (from longitude

Figure 8. Reactive gaseous mercury (RGHg) bihourly mean dry deposition velocity, flux (F ), and true
wind speed.

Table 1. Mean Calculated Reactive Gaseous Mercury (RGHg)

Dry Deposition Velocity and RGHg Dry Deposition, Total

Mercury (Hg) Wet Deposition, and Dissolved Gaseous Mercury

(DGHg) Evasion Fluxes

Sampling Period

May 14–20 May 21–28 May 29–31

RGHg dry deposition
velocity, cm s�1

1.8 ± 0.5a 1.6 ± 0.3 1.8 ± 0.7

RGHg dry deposition
flux, ng m�2 d�1

6.2 ± 5.8 19.9 ± 21.4 12.2 ± 6.3

Hg wet deposition
flux, ng m�2 d�1

no data 12.6 ± 9.5 58.3 ± 23.3

DGHg evasional
flux, ng m�2 d�1

20.9 ± 18.4 26.0 ± 31.1 59.8 ± 50.3

aStandard deviation (±).
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�180 to �150 west and latitude 30 to 15 north). The rainfall
data, provided by the Tropical Rainfall Measuring Mission
(TRMM) satellite, showed higher rainfall over the Hawaiian
Archipelago region (80 to 100 mm) compare to the region
including station 8, located between Hawaii and Midway
Islands (20 to 40 mm). The relative mercury wet deposition
fluxes are consequently higher for the Hawaiian Islands area
compared to station 8 vicinity. In addition to the effect of
higher wind speed leading to a faster removal of RGHg by
dry deposition (as discussed above), higher precipitations
could also result in a more efficient removal of RGHg by wet
deposition around the Hawaii Islands area and partly explain
the lower RGHg concentrations measured in this zone
(Figure 5).

3.6. Air-Sea Exchange of Elemental Mercury

[18] As discussed previously, the role of UV intensity
could be a key factor in RGHg formation in the boundary
layer. In addition, UV strongly influences dissolved gas-
eous mercury (DGHg) formation by photoreduction of
ionic Hg in surface water. Thus, the highest DGHg
production, and subsequent evasional flux, occurs when
solar radiations are at the maximum [Ferrara et al., 2000;
Mason et al., 2001]. Our data show that DGHg concen-
trations in surface water were significantly (p 0.05) higher
in the tropical waters (0.13 ± 0.07 pM) than in the northern
latitude waters (0.06 ± 0.03 pM) which characterizes a
more efficient photoreduction of the mercury in tropical
area. However, the DGHg values are low compared to
those measured in the equatorial Pacific Oceans or others
oceans surface waters [Mason and Fitzgerald, 1993;
Mason et al., 2001].
[19] As we pointed out previously, in Arctic and Antarctic

environments, Hg0 oxidation, and subsequent RGHg for-
mation induced by the polar sunrise, leads to depletion of
Hg0 [Schroeder et al., 1998; Ebinghaus et al., 2002], but
such depletion was not observed during our study most
likely as a result of Hg0 replenishment by DGHg evasional
flux.
[20] In order to verify these hypotheses, we estimated the

evasional fluxes based on the average wind speed, the
surface water temperatures, and the gas exchange equation
of Wanninkhof [1992], modified for Hg. The waterside
exchange coefficient kw (piston velocity) is

kW cm h�1
� �

¼ 0:31 û2 ScHg=ScCO2
� ��0:5

;

where Sc is the appropriate Schmidt number and û2 is the
square of the wind velocity (m2 s�2). The evasional flux, F
is given by

F ng m�2d�1
� �

¼ k Cw � Cg=H
� �

;

where k is the piston velocity in m d�1, CW is the measured
concentration in surface waters (ng m�3), Cg is the
measured atmospheric concentration (ng m�3), and H is
the dimensionless Henry’s law constant, adjusted for
temperature and salinity. The calculated DGHg evasion
fluxes for each week (corresponding to the three different
previously defined sampling areas) are displayed on Table 1.
Although variability, the results show that on average the

evasional flux is higher in the tropical water and particularly
with high wind speed events, which occurred during the last
week (Figure 5). Considering the first 100m of MBL as our
measurements took place at 15m above the sea level and
based on both DGHg concentrations in the surface water and
the corresponding atmospheric Hg0 measurements, the
estimated evasional flux was equivalent to �0.5 to 53.0%
(average of 11.1 ± 12.2%) of the Hg0 concentrations. The
highest fluxes corresponded to the highest wind speeds
(Table 1 and Figure 8). RGHg concentrations represented
only from 0.01 to 2% (average 0.4 ± 0.3%) of the
corresponding Hg0 concentrations. Consequently, evasion
from surface water can be considered as a replenishment
source of Hg0 in the marine boundary layer by replacing the
depleted Hg0 due to photooxidation. Moreover, the eva-
sional flux can account for the daily variation and high
values observed for Hg0. Thus, for the second and third week
we calculated the Hg0 daily relative increase as the
difference between daily Hg0 minima and maxima and
compared the results to DGHg evasional flux. The
calculation showed that from 0 up to 134% (mean value
53 ± 43%) of the daily relative increase in Hg0 concentra-
tions can be accounted by DGHg evasion from surface
water.
[21] On the other hand, although high wind speed

enhanced DGHg evasion it also decreases RGHg concen-
trations by increasing its deposition velocity (as discussed
above). The absence of rain did not enable us to estimate a
wet deposition flux for the high and middle latitudes;
however, in the tropical area mercury dry and wet deposi-
tion as well as mercury evasion (Table 1) are in very good
accordance with the recent global mercury cycle fluxes
estimated by Mason and Sheu [2002].

4. Conclusion

[22] The present study reinforced the hypothesis that
RGHg production occurs in remote tropical marine bound-
ary layer, far away from any anthropogenic activities. We
also pointed out the importance of the tropical area in the
recycling of atmospheric mercury species in the North
Pacific Ocean MBL. Moreover, we confirmed that the
concentrations in RGHg follow a diel cycle in marine
environment and we show that RGHg formation appears
to be closely related to photochemically induced processes,
particularly those involving heterogeneous reaction, ozone
depletion, and reactive halogens chemistry. However, the
lack of data concerning halogen radicals over the North
Pacific Ocean and their potential interactions with atmo-
spheric mercury species did not allow us to define their
exact role in RGHg production. In addition, many different
environmental parameters, such as solar radiation, wind
speed, and relative humidity, play important roles in the
dynamic of mercury in the marine boundary layer, increas-
ing the difficulty to clearly identify all the factors respon-
sible for RGHg formation and cycle over the ocean. Despite
the need of further study to improve our understanding in
the production of oxidized mercury formation, this study
emphasizes the role of the marine boundary layer in the
mercury cycling over the ocean. Our data are actually being
incorporated into a MBL photochemical model (MOCCA),
adapted for mercury [Hedgecock et al., 2003; von Glasow et
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al., 2002] in order to better estimate the importance of the
MBL in the global mercury cycle.
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